ABSTRACT: Acute kidney injury (AKI) independently predicts mortality in children and adults. Our understanding of the epidemiology of AKI in very LBW (VLBW) infants is limited to retrospective studies. After adjustment for demographics, comorbidities, and interventions, infants with AKI have decreased survival compared with those without AKI. The study was conducted in regional quaternary care NICU of the University of Alabama at Birmingham. VLBW infants were followed prospectively and were classified into a serum creatinine (SCr)-based classification for AKI. Forty-one of 229 (18%) VLBW infants developed AKI. Those with AKI were more likely to have umbilical artery catheters, assisted ventilation, blood pressure medications, and lower 1-and 5-min Apgar scores. Of the infants with AKI, 17 of 41 (42%) died compared with 9 of 188 (5%) of those without AKI (p Ͻ 0.001). AKI was associated with mortality with a crude hazard ratio (HR) of 9.3 (95% CI, 4.1-21.0). After adjusting for potential confounders, those with AKI had higher chance of death as the adjusted HR was 2.4 (95% CI 0.95-6.04). AKI is associated with mortality in VLBW infants. Efforts to prevent and ameliorate the impact of AKI may improve the outcomes in this vulnerable population. (Pediatr Res 69: 354-358, 2011) 
A dvancements in perinatal medicine have improved survival of critically ill neonates; however, many infants do not survive and others sustain morbidity due to permanent damage to vital organs. In critically ill children and adults, serum creatinine (SCr) changes as low as 0.3 mg/dL (26.5 M) have been shown to be associated with mortality after correcting for demographics, comorbidities, and severity of illness (1) (2) (3) (4) . Acute kidney injury (AKI), previously referred to as acute renal failure, may impact survival to a greater degree in premature infants in context of ongoing kidney development (5) .
Premature infants are at significant risk for AKI because of high rates of infection and exposure to nephrotoxic medications (6); however, the exact incidence of AKI in this population is unknown. The incidence of neonatal AKI, estimated at 8 -24% of the general neonatal population, is probably an under-estimate as they only describe those with nonoliguric renal failure and use either high levels of SCr or dialysis provision to define AKI (7, 8) .
Similarly, outcome data after AKI in premature infants are scant. A recent matched case-control study of premature infants showed that even after adjusting for potential confounders, every 1 mg/dL (88.4 M) increase in SCr was associated with 2-fold higher odds of death (9) . Inferences about outcomes from this and similar analyses are limited by the retrospective nature of the studies.
We performed a prospective study of very LBW (VLBW) infants (birth weight Յ1500 g) to improve our understanding of the incidence, outcomes, and independent association between AKI and mortality. AKI was classified using a SCr-based categorical definition similar to Acute Kidney Injury Network (AKIN) (10) ( Table 1 ). The AKIN definition and the pediatric risk, injury, failure, loss and end-stage (pRIFLE) definition have been evaluated in several pediatric populations including those who required intensive care (1,2,11), received aminoglycosides (12) , and required care in a pediatric burn unit (13) . Using changes in SCr, these two definitions have been shown to have very close correlation in pediatrics (12) . We hypothesized that after adjustment for demographics, comorbidities, and interventions, infants with AKI would have decreased survival compared with those without AKI.
PATIENTS AND METHODS
The study was conducted in regional quaternary care NICUs of the University of Alabama at Birmingham (UAB) and the Children's Hospital of Alabama. Parental consent was obtained, and the study was approved by the Institutional Review Board at UAB. VLBW infants (birth weight between 500 and 1500 g) were enrolled over 18 consecutive months between February 2008 and July 2009. Infants were excluded if they did not survive to 48 h of life or if they had any significant known congenital abnormality of the kidney.
Study design. We prospectively followed the enrolled infants from the time of birth until 36 wk postmenstrual age (PMA) or hospital discharge, whichever occurred first. SCr was analyzed from remnant serum samples by mass spectrometer and from the patient's medical records from laboratory (measured by Jaffee reaction) performed as part of routine hospital care. A SCr-based classification definition similar to the AKIN (14) definition for AKI was used to classify patients according to severity in three stages ( Table 1) . Modification of the AKIN classification to this population included a) not using urine output criteria as premature infants often have nonoliguric renal failure due to immature tubular development, and b) an upper cutoff of SCr 2.5 mg/dL (221.0 M) was chosen to reflect comparable severe kidney dysfunction listed in class 3 of AKIN for adults 4.0 mg/dL (353.6 M). Individual infants' baseline creatinine value was taken as first creatinine done on infant. Subsequent values were compared with the lowest previous SCr measured.
Infant demographic data collected included GA, birth weight, race, sex, and Apgar scores at 1 and 5 min. Maternal demographic data collected included age, diabetes, pregnancy induced hypertension, use of antenatal steroids, presence of multiple births, and known drug use. Comorbid conditions included hyaline membrane disease (HMD), patent ductus arteriosus (PDA), any grade intraventricular hemorrhage (IVH), cardiac disease, cholestasis, presence of necrotizing enterocolitis (NEC), intestinal perforation, and documented bacteria/fungal infections. Interventions documented include use of umbilical arterial catheters, diuretics, inotropes, type of ventilation, and indomethacin. The primary outcome was survival to discharge or 36 wk PMA, whichever occurred first.
Statistical methods. Descriptive statistics were performed to determine differences between VLBW infants with and without AKI ( Table 2) . Shapiro-Wilk test and normal probability plot were used to test for normality of data. Normally distributed continuous variables were compared using student t test, and nonnormally distributed variables were analyzed using Mann-Whitney U test. Categorical variables were analyzed using 2 analysis if two variables were present and using Mantel-Haenszel 2 if three or more categorical variables were present. For all descriptive statistics, p value Ͻ0.05 was considered statistically significant.
The association between AKI and survival were initially analyzed using crude univariate analysis. Then, Cox proportional hazard analysis modeling was performed to control for potentially confounding variables. We adjusted for infant and maternal characteristics and interventions performed on the infant which were suspected to be related to both AKI and infant mortality. For parsimony, our final model only included variables that remained significant at p Ͻ 0.10 in the multivariable-adjusted model. SAS 9.2 (SAS Institute Inc., Cary, NC) was used for the all statistical analysis.
RESULTS
Of the 360 parental caregivers approached for enrollment, 233 (64.7%) agreed to allow their infant to participate in the study. Of the 233 infants enrolled, four were excluded because they were discharged to another facility before 36 wk PMA; thus, 229 infants were available for analysis (Fig. 1) . The earliest SCr measurement was taken was d 1 in 50% of infants, and in study population, the SCr was measured on median d 4 (range, 1-48).
AKI was found in 41 of 229 (18%) with 10, 10, and 21 fulfilling criteria for stage 1, 2, and 3, respectively. No patients received dialysis. Table 2 describes differences in the patient characteristics and comorbidities between those with and those without AKI. Infants with AKI had lower birth weight (mean 702 g versus 1039 g) and lower GA (mean 25 wk versus 28 wk). Infants with AKI were more likely to have lower 1-and 5-min Apgar scores and require umbilical arterial catheters, assisted ventilation, and inotropes support. Preeclampsia and maternal hypertension had lower AKI rates. Most infants with AKI were Յ750 g [29 of 41 (70%); Table 3 ] and Յ26-wk gestation [30 of 41 (73%); Table 4 ]. Most episodes of AKI occurred in first week of life [33 of 41 (80.5%)].
Of those with AKI, 17 of 41 (42%) died, compared with only 9 of 188 (5%) of those without AKI (Fig. 2) . AKI was strongly associated with mortality with an unadjusted Hazard ratio (HR) of 9.3 (95% CI, 4.1-21.0; p Ͻ 0.001). Other significant predictors of mortality included GA, birth weight, preeclampsia, exposure to respiratory support, and 1-min and 5-min Apgar scores (Table 5 ). When these factors were entered into multivariate analysis to control for potential confounding variables, AKI did not remain a predictor for mortality adjusted HR 2.46 (95% CI, 0.95-6.04; p Ͻ 0.07; Table 6 ). 
DISCUSSION
To our knowledge, this is the first prospective epidemiologic study on AKI in VLBW infants that attempts to control for potential confounders. This analysis also represents the first attempt to classify this population according to severity of AKI similar to definitions used in pediatric and adult studies (14) . AKI was strongly associated with mortality, even after adjustment for patient characteristics and potential confounders, indicating that it is an independent risk factor and not just a marker for illness severity.
Our finding corroborates conclusions from similar studies in neonates which show the negative association between AKI and survival. Mathur et al. (15) prospectively studied term neonates with sepsis and found a 26% incidence of AKI and also identified higher mortality in those who had AKI compared with those without AKI (no adjustment for potential confounders was performed in that analysis). A recent retrospective matched case-control study of premature infants (Յ1000 g) showed that an increase in SCr of 1.0 mg/dL (88.4 M) doubled the odds of death even after adjustment for important confounders.
Compared with other pediatric and adult studies, our analysis showed a greater proportion of stage 3 AKI in those who developed AKI. This is possibly because premature infants start with very low glomerular filtration rate (GFR) and thus mild exposure could cause high degree of injury. Alternatively, this could be due to our study design. Our incidence represents a "best-case scenario" as we did not have access to daily SCr levels on these infants and many did not have any SCr levels available. We only had access to laboratories from those infants in which clinician had ordered the test or if infants warranted blood gas analysis (and subsequent remnant blood was available). Thus, our population could have been selected for the most severely ill patients.
Our conclusions are similar to other critically ill pediatric (1,2,13) and adult (3, 16, 17) populations, which show an independent association between AKI and mortality. A large meta-analysis of Ͼ20,000 adult patients by Ricci et al. (18) showed adjusted relative risks of death of 2.4, 4.2, and 6.4 for mild, moderate, and severe AKI, respectively (p Ͻ 0.0001 for all). Our study found a similar increase in the likelihood of death with AKI, but we did not find increased mortality with increasing AKI stage. This could be explained by a) the association of baseline SCr levels in neonates initially reflecting maternal SCr, b) relatively high death rate in those with AKI classification 1 compared with other populations that could be related to early mortality (before AKI class 2 could be documented), or c) lack of documentation of transition from stage 1 to 2 due to lack of daily SCr in most of infants.
The incidence of AKI was found to be 18% of the cohort, with highest rates in the most premature infants. Because we did not measure SCr on every baby, every day it is possible that these rates may be even higher. Comparatively, retrospective studies have found an 8 -24% incidence rate in the heterogeneous neonatal population (7, 8) .
Although this study was not designed to explore the variables that predispose or protect against AKI, infants born to mothers with preeclampsia and/or maternal hypertension were protected from AKI. If this finding is consistent, a more robust risk factor analysis of these data, and in other neonatal databases, elucidating the etiology of these findings may enhance our understanding of the pathophysiology of protective AKI mechanisms.
The prospective design of our study limits potential bias, but some important limitations need to be acknowledged. First, we had to rely on measurements of SCr performed as part of clinical care or from remnant serum, when available. Therefore, the true incidence may be even higher than what we have reported. Second, our findings are limited by our definition of AKI, which relies on SCr changes to diagnose AKI. Not only is SCr a poor marker of injury, but also the normal decrease in SCr, which normally occurs in the first weeks of life, makes it even more difficult to interpret in neonates (reviewed in Ref. 19 ). This and other problems with using changes in SCr as gold standard to diagnose AKI limit our ability to reliably provide incidence and outcome data. As novel urine injury biomarkers are validated in this population, reevaluation of the impact of acute increases in these biomarkers (20 -23) may improve our understanding of the incidence and outcome in this population.
Although we attempted to control for the most predictive variables of mortality seen in our population, some measured and/or unmeasured variables may have been missed in our analysis. The adjusted HR is nonetheless robust, which likely means the independent association between AKI and mortality is real. Future studies on the impact of AKI on survival may be improved using a matched prospective cohort study (matching for GA, birth weight, and severity of illness) and collaboration between multiple centers.
In conclusion, AKI is common in VLBW and carries a high mortality risk after controlling for demographics, comorbidities, and interventions. Most infants who developed AKI were extremely premature and developed AKI within the first week of life. Efforts to prevent and ameliorate the impact of AKI are likely to improve the outcomes in this vulnerable population. Large multicenter studies are needed to corroborate these findings. 
